We have performed a high-resolution electron-energy-loss study of the Si(111)-(~3x~3)R30':Al surface and have measured the dispersions of several surface phonons along the I'K direction. We interpret these using two different simple lattice dynamical models, both employing force constants from an ab initio electronic-structure calculation of Northrup. The first yields quantitative information at q = 0; the second is a semiquantitive estimate of the dispersion. These models have no adjustable parameters. The good agreement with the experiment for most of the observed modes indicates that a single theory can explain both the electronic structure and vibrational modes of this surface and also illustrates both the usefulness and limitations of simple models of lattice dynamics.
I. INTRODUCTION
In the study of a given surface, the electronic structure and vibrational modes are frequently investigated separately, both in calculations and experiments. However, the force constants which determine the lattice dynamics may themselves be determined from the ground-state energies of the electrons when the nucleii are displaced from equilibrium.
Thus a complete theory of a surface system can, in principle, account for the ground-state configuration, the electronic structure, and the phonon dispersions.
The metal-semiconductor system Si(111)-(~3x v 3)
B30:Al presents an ideal challenge in this respect. The
Al adatoms are strongly bound to their neighboring Si atoms, so one can expect several surface phonons to be detectable with energies up to about 100 meV. The frequencies of these phonons and their dispersions provide strict limitations on any theory which includes the lattice dynamics. Moreover, this system has already been investigated with several experimental probes. Low-energy electron diffraction (LEED) analysis indicates that the Al absorbs at the T4 site, while the unoccupied surface states have been studied using angle-resolved inverse photoemission.
Both the ground-state configuration and the positions of the surface states agree well with total energy electronic-structure calculations of Northrup. These calculations were extended to include small displacements away from equilibrium, yielding force constants for a q = 0 dynamical calculation, producing one phonon at 69 meV and another at 32 meV. The first of these was observed using electron-energy-loss spectroscopy by Kelly et al. , while the second was seen in a higher resolution study by Glander, Akavoor, and Kesmodel. In the present work, we report experimental results for the dispersion of several surface phonons along I'K for Si(111)-(~3x v 3)B30':Al. These were found using angle-resolved high-resolution electron-energy-loss spectroscopy (HREELS), in which both dipole and impact scattering were observed. A total of five modes were detected, none of which dispersed strongly. Apart from the two mentioned above, three more, at about 16 meV, 42 meV, and 58 meV, were seen.
To understand the origin and nature of these modes, we solve two distinct lattice dynamical models of this surface. Neither yields a complete description of the dynamics, but together they explain most of the features seen in the experiment. Both include some of the longwavelength low-frequency features not seen in the earlier work.
In the first of these, we couple the layers of Northrup's q = 0 calculation to the Si(ill) layers of the bulk below.
We restrict their movement to that of rigid planes moving perpendicularly to the surface and coupled by bulk planar force constants.
The most significant sources of error in such a model are the exclusion of motions of the bulk lattice which are folded into the q = 0 point in the surface unit cell by the surface reconstruction, and of those motions polarized within the surface plane. We find several strong surface resonances in this calculation.
At q = 0 one expects the scattering to be predominately dipole in origin, and we assume the strongest dipole lies along the Al-Si stretch, where the Si atom is that directly beneath the Al. When the density of states is projected onto this stretch, we find only three remaining strong peaks: at 33 meV, 45 meV, and 69 meV. Thus this simple one-dimensional chain calculation explains three of the five features of the experiment.
In Sec. IV. where N is the total number of degrees of freedom in the calculation. We define the surface DOS as the projection of the total DOS onto the surface coordinates p~(~) -). «~(~) and the dipole-projected DOS as the total DOS projected onto the assumed dipole, the Al-Si stretch, pdip (~) pll(~) + pss(~) pls(~) p31(~) (7) using the notation displayed in Fig. 4 .
The force constants for the surface layers were taken directly from Northrup's calculation. The force constants for the substrate layers were taken from a bulk calculation of interlayer (111) the shortest possible for a 6 -7 bond, and zero otherwise.
We repeat this process to deduce the force constants for all shortest bonds. In fact, the relation between these shortest distance force constants and the values in the original calculation depends only on the positions of each of the atoms in the neighboring pair within the surface plane, not on their positions in the normal direction. Note that for pairs of collective coordinates on the same set of sites, e.g. , 2 and 5, the shortest distance bonds are those of individual coordinates on the same site, i.e. , (2, 5), (2', 5'), and (2", 5"). We write the 7 x 7 matrix of shortest distance force constants in terms of Northrup's as Kp --KpjS p, (SD) where n, P = 1, ... , 7, K & is the original force constant matrix, given in Table I Next we construct the force constant matrix for the entire surface. We label an individual coordinate by (n, L), where now n = 1, 2, 2', 2", ... , 7, 7' labels its position within a surface unit cell and L labels a specific cell in the surface. Then the force constant between the (n, L)th coordinate and the (P, L') 
where 8(n, L; P, L') = 0, unless (n, L) and (P, L') 
from which the DOS may be easily calculated:
analogous to Eq. (4). The results of such a calculation are semiquantitative at best. An exact calculation would include the correct interatomic forces and a discrete model of the substrate Si. However, overall trends and rough numbers should be correct, yielding some insight into the physics involved.
where g('"b') (w, q) is the three-dimensional Green's function, Fourier transformed in the parallel direction and evaluated at the surface, i.e. , g "' (z, q) = jd Re*z' g '(z;R, z=s, z'=0). (14) In Eq. (13) cs and P label the allowed degrees of freedom Figure 5 is a picture of DOS calculated in the chain model. The solid curve is the surface-projected DOS, the dotted curve is the dipole-projected DOS, and the arrows indicate the positions of the three observed vibrations we can expect to see in this model (see below). In practice, we replace 0+ in Eq. (4) Next we consider the dispersion of the surface modes. In Fig. 3 
IV. INTERPRETATION OF EXPERIMENTAL RESULTS

